E. Absiĺ
In phase-shifting interferometry experiments, the accuracy of the phase shift is a major issue. A lot of experimental and data analysis effort are done to cancel phase shift errors inherent to the modulation techniques used. We propose here to remove most of the phase shift error by having recourse to a electronic frequency shift method. This approach can be applied to both holography and interferometry. We validate the idea with an holographic experiment.
Phase shifting interferometry [1] and holography [2] are powerful tools which have been in use for many years. In such systems, the phase of the reference arm of an interferometer is shifted by a mirror mounted on a piezoelectric transducer (PZT) and the interference pattern is recorded by a CCD camera. Since the PZT is not perfectly linear, nor calibrated, phase shift errors are introduced [3] . This yields measurement errors and twin image aliases [4] . To suppress or compensate these errors many techniques and algorithms have been proposed [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Some of these techniques [17] yield discussion and controversy [18, 19] .
Here, we propose to suppress most of the phase error by replacing the phase shift ∆ϕ by a frequency shift ∆ω induced by Bragg cells (Acousto Optic modulator) driven by RF (Radio Frequency) signals. We will show that the phase, which is driven by sine wave electronic signals, is very accurate. This technique has been introduced in the past in the context of holography [20, 21] ), but it can be adapted to interferometry. In this letter, we will describe the technique, and evaluate the phase shift errors by measuring the relative weight of the twin image component in an off-axis Mach-Zehnder configuration.
The setup is shown on Fig.1 . It is similar to the one used in [20] . The main laser beam (complex field E L , frequency ω L ) is provided by a Sanyo DL-7140-201 diode laser (λ = 780 nm, 50 mW for 95 mA of current). It is split into an illumination (E I , ω I ) and a local oscillator (LO) beam (E LO , ω LO ). A set of optical attenuators A1, A2 (grey neutral filters) allows to adjust the illumination and the LO beam intensities. The object is an USAF target in transmission (back illuminated). The CCD camera (PCO Pixelfly digital camera: 12 bit, frame rate ω CCD ≃ 10 Hz, acquisition time T CCD = 1/ω CCD ≃ 100 ms, with 1280 × 1024 pixels of 6.7 × 6.7µm) records the interference pattern of the object field E (whose frequency ω is unshifted with respect to illumination: ω = ω I ) with the LO field E LO . A set of two acousto optic modulators AOM1 and AOM2 (Crystal Technology: the illumination and LO beams (
, so that the heterodyne beat frequency can be freely adjusted:
The relative phase shift ∆ϕ of 2 consecutive images is:
In the following, we will measure the signal field E by using the 4 phases method: ∆ϕ = mπ/2 where m is an integer. The complex signal field amplitude E is then obtained from a sequence I 0 , I 1 ...I 3 of 4 consecutive CCD intensity images by [20] : where A is a normalization factor which depends on E LO , and j 2 = −1. In comparison to a standard phase-shifting experiment, we have replaced the phase shifts ∆ϕ of the LO induced by the displacement of a mirror mounted on a PZT, by a frequency shift ∆ω generated through the dynamic Bragg gratings. The AOMs are driven by two numeric synthesizers (Agilent 33250A), which are in coherence, the first synthesizer (master) providing the 10 MHz reference of the second synthesizer (slave). Since the dynamic phase shift we apply is accurately controlled, the twin image alias [22] can be cancelled efficiently. To verify this point quantitatively, we have measured the field E diffracted by the USAF target, for different values of the heterodyne beat frequency ∆ω. A map of the field E is computed from a sequence of 4 recorded frames, according to Eq.3. To separate the "true" image signal from the "twin" image alias, the USAF target is angularly shifted (angle θ ∼ 1
• ) with respect to the LO beam direction. From the field E(x, y) where x, y are the CCD pixels coordinates, we calculate by 2D (fast) Fourier transformation (F T 2D) the k-space fieldẼ(k x , k y ) = F T 2D E(x, y), in which the "true" and "twin" images are well separated when the object is off-axis. Fig.2 shows the k-space field intensity distribution (|Ẽ(k x , k y )| 2 ) in logarithmic scale for ∆ω = +2.5 Hz (a) and −2.5 Hz (b). Here, the k-space field is computed by Fast Fourier Transform (FFT) from the 1280 × 1024 CCD data that are truncated into a 1024 × 1024 calculation grid. Since the illumination beam is a plane wave, and since the USAF target transmits a large fraction of the illumination beam, the object field E remains roughly a plane wave. Thus, the USAF true image corresponds, in k-space, to a narrow bright spot visible in the center of the white circle (region 1) in Fig.2a . The twin image (center of circle 2) is the symmetric of true image with respect to the center of the k-space. On Fig.2a , with ∆ω = +2.5 Hz, the heterodyne detection allows one to select the true image, and reject the twin image. The true image is bright, and the twin image is dark. On (2) is bright. We have measured the weight of the true (W +1 ) and twin (W −1 ) image peak defined by:
where C±1 is the sum over a 10 × 10 pixels region centered on the true image (C +1 ) and twin image peak (C −1 ) respectively. By sweeping the AOM1,2 synthesizer frequency, we have studied how W ±1 vary with the heterodyne frequency ∆ω. Fig.3 shows W ±1 as a function of ∆ω. When the 4-phases condition is fulfilled, i.e. when ∆ω = +2.5 Hz, the weight of true image is maximum, (W +1 ≃ 0.3) while the twin image is nearly zero (W −1 ≃ 10 −4 ). Contrarily, when ∆ω = −2.5 Hz, W +1 is ≃ 10 the twin image (−2.5 Hz). The parasitic twin image component can thus be neglected. We have computed the theoretical shape of W ±1 (solid gray lines). Since the E.E * LO heterodyne term is simply proportional to e jm∆ϕ where m is the index of the image I m within the sequence. We get from Eq.3:
Here B is a proportionality factor and ∆ϕ(∆ω) is given by Eq.2. η is the factor that describes the reduction of the detection efficiency (0 < η < 1), because of the phase drift during the acquisition time of an image (i.e. T CCD = 1/ω CCD ). Since the phase drift is constant in time, this efficiency factor takes the form :
As depicted in Fig.3 , the experimental results for W ±1 (∆ω) (points) agree with Eq.5 (solid grey lines).
To illustrate the ability to reconstruct an image and to cancel the twin image alias, we have calculated the image of the USAF target from the complex field E(x, y) (i.e. from the complex hologram recorded in the CCD plane). The image is reconstructed by the standard convolution method [22, 23] that yields a calculation grid equal to the pixel size [24] . To calculate the convolution product, we have used the Fourier method, like in [20] . To obtain a proper off-axis image, we have enlarged the 1280 × 1024 calculation grid that corresponds to the dimensions of the CCD by padding the data into a 4096 × 4096 null matrix [25, 26] (zero padding method). Fig.4a shows the USAF image obtained for a reconstruction distance z = 194.5 mm; it corresponds to the true image revealed at the modulation frequency ∆ω = +2.5 Hz. We can notice that the zero order and twin image aliases are not visible. In conclusion, we have proposed to replace, in phaseshifting interferometry (or holography), the PZT driven mechanical motion of an optical component (mirror), by AOMs driven by numeric synthesizers. The mechanical phase shift is thus replaced by an electronic frequency shift, which is much more accurate. Most of the phase errors are thus suppressed by this technique, which is simple to manage. This result is confirmed by experiment. The proposed technique is expected to greatly simplify data analysis, improving the measurement accuracy.
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